Summary Effects of varying the time of stem injection of gibberellin A 4/7 (GA 4/7 ) on male and female flowering in potted grafts of Pinus sylvestris L. in a greenhouse were monitored in two consecutive years. Flowering results for each application time were correlated with phenological characteristics and abiotic factors in an attempt to find reproducible indicators of the most effective time of GA 4/7 treatment. The GA 4/7 treatment had a significant effect on female flowering, but no effect on male flowering. In both years, the largest effect on female flowering was obtained with the latest application. Percent shoot and needle elongation (relative to final length) were poor indicators of the optimal time of GA 4/7 application. Three heat sum accumulation models gave equally accurate predictions of the optimal time for GA 4/7 application; therefore, the simplest model, i.e., the sum of degree-days, is recommended. The timing window for stimulation of female flowering with GA 4/7 had a lower limit of about 500 degree-days (threshold +5°C), and the optimal time of GA 4/7 application was after about 700 degree-days.
Introduction
In breeding programs with tree species that have a long juvenile (non-flowering) phase, it is desirable to shorten the pre-reproductive period because it decreases the generation time and thus increases genetic gain per unit time. One way to decrease the length of the juvenile phase of tree development is to use an environmental regime that accelerates growth, followed by a flower-stimulating treatment (Young and Hanover 1976 , Cecich 1981 , Cecich et al. 1994 . It is postulated that the accelerated growth regime hastens ontogenetic maturity, making plants responsive to artificial flower induction. Accelerated growth is generally achieved by growing plants for extended periods in long photoperiods and under otherwise favorable conditions for vegetative growth (cf. Young and Hanover 1976 , Cecich 1981 , Cecich et al. 1994 . Successful flower induction in many Pinaceae has been achieved through application of the relatively nonpolar gibberellins GA 4 and GA 7 , both alone and in combination with various cultural treatments (see review by Owens and Blake 1985) . The timing of the GA 4/7 application relative to the annual cycle of development is important for positive results (e.g., Chalupka 1980 , Luukkanen and Johansson 1980 , Ross 1983 , 1985 , Chalupka 1984 , Owens and Colangeli 1989 , Ho 1991 , Ho and Eng 1995 , Fogal et al. 1996 , Siregar and Sweet 1996 . In Tsuga heterophylla (Raf.) Sarg., for instance, the timing of treatment is more important than its duration, and treatments applied 2-4 weeks before the time of seed cone bud differentiation have the greatest effect (Harrison and Owens 1992) . In Pinus taeda L., the response to GA 4/7 treatment is greatest when the treatment is applied both before and after female cone bud initiation (Greenwood 1982) .
There have been few reports concerning the effect of timing of gibberellin application on cone induction in Pinus sylvestris L., and none dealing with the effect of timing of GA 4/7 application on cone induction in potted grafts in a greenhouse. Chalupka (1980) treated shoots on P. sylvestris grafts by spraying GA 4/7 from the end of May to mid-August, which resulted in an increase in female flowering but not male flowering. Luukkanen and Johansson (1980) also sprayed gibberellin on developing shoots of P. sylvestris grafts from the end of May to mid-July, stimulating an increase in both female and male flowering. Chalupka (1984) reported that the time of GA 4/7 treatment affected the sex of the initiated flowers in P. sylvestris. Spraying branches with GA 4/7 in May and June significantly increased the percentage of shoots with male flowers, whereas spraying in the second half of July increased both the percentage of shoots with female flowers and the number of flowers per shoot. Chalupka (1987) found that injecting GA 4/7 into branches of P. sylvestris in mid-August increased female flowering, and Hejnowicz (1987) concluded from morphological studies of bud development in P. sylvestris that the treatment times used by Chalupka (1984 Chalupka ( , 1987 to stimulate male and female flowering agree well with the time of sex determination of the corresponding buds. These reports form the basis of the practical recommendations for GA 4/7 treatment of P. sylvestris used by Nordic breeders. Treatments to stimulate male and female flowering are usually performed in the first half of June and the second half of July, respectively. Stem injections of the hormone are the most common treatment method. However, it remains to be deter-mined whether easily monitored phenological characters or abiotic indicators could be used to determine the most effective time for GA 4/7 treatment.
In studies of morphogenetic activity of apical meristems during bud development, Hejnowicz (1987) found that the first subtending scale primordia for male cone buds and needles are initiated in mid-May in Poland, whereas initiation of subtending scale primordia for female cone buds and long shoot buds starts in mid-July. Hejnowicz (1987) concluded that male and female cone bud initiation take place during the period of subtending bud scale initiation. This would imply that sex determination of male cone buds occurs during the early phase of shoot elongation, whereas determination of female cone buds occurs when shoot elongation is almost complete. In P. sylvestris, elongation of needles does not start until shoot elongation is almost finished (Dougherty et al. 1994) . Therefore, either shoot elongation or needle elongation might be useful phenological indicators of the most effective time to apply GA 4/7 for cone induction.
The first objective of this study was to assess the impact of the time of GA 4/7 application by stem injection on the induction of male and female flowering in potted grafts of P. sylvestris in the greenhouse. A second objective was to identify useful phenological characteristics or abiotic indicators for determining the most effective time for cone induction treatment.
Materials and methods

Materials and experimental design
The experiment was performed at Brunsberg field station, SkogForsk, Sweden (59°37′ N, 12°58′ E, 80 m a.s.l.). Ten clones originating from selected trees with superior phenotype (plus trees, > 100 years old, selected between latitudes 60°and 61°N) were used. The grafts were made in 1988 and transplanted to 350-l pots in 1989. Each pot contained one or two grafts of the same clone, pruned to a height of about 3 m. The pots were kept outdoors except during the period of flower induction treatment, which was carried out in a greenhouse.
The greenhouse was covered with two air-separated layers of polyethylene film. The day/night temperature was maintained at 25/20 °C, and the grafts were well irrigated.
In Year 1 (1997), the grafts were transferred to the greenhouse on May 13, and four GA 4/7 treatments were performed between May 24 and June 18. After the last GA 4/7 treatment, the temperature regime remained unchanged for 2 weeks. Thereafter, it tracked the outdoor temperature and on August 9 the plants were moved outdoors. In Year 2 (1998), the grafts were transferred to the greenhouse on May 13, and the four GA 4/7 treatments were applied between May 20 and June 28. The grafts were kept in the greenhouse for an additional 2 weeks after the last treatment with an unchanged temperature regime, and were then moved outdoors on July 14.
In both years, the same sets of grafts was used and the time of GA 4/7 treatment was the same for each graft. In each year, each graft was treated with GA 4/7 at one of four application times. An untreated control was also included. On each application date, grafts in two pots of each clone were treated. In total, there were five treatments × 10 clones × two pots per clone. In the greenhouse, the pots were randomly distributed.
The GA 4/7 was injected with a micropipette into two holes (4 mm in diameter, 15 mm in depth) drilled on opposite sides of the base of the trunk. After injection, the holes were covered with grafting wax. Each graft received an injection of 50 mg GA 4/7 dissolved in ethanol (99%) at a final concentration of 250 mg ml -1 . The dose selected was based on data obtained from earlier flower-stimulation experiments performed on materials of similar size.
Applications 1 and 2 were made when the current-year shoot had elongated to about 50 and 75% of final length, respectively, and Applications 3 and 4 were made when current-year needles had elongated to about 50 and 75% of final length. Application 0 was an untreated control, which received no injection of ethanol.
Measurements and assessments
Shoot and needle development were followed on two branches in the uppermost whorl of branches in each year. On each graft, the shoot and needle lengths in the year before the current treatment, the shoot and needle lengths at the time of treatment, and the final shoot and needle lengths in the year of treatment were measured. In Year 1, application times were adjusted to shoot and needle lengths reached by the individual grafts. In Year 2, the applications were made when the grafts had reached mean shoot and needle lengths selected in advance.
The number of female flowers was counted and male flowering was scored on each graft in spring of the year after treatment. Male flowering associated with each treatment was scored in three classes (none, sparse and abundant male flowering) in Year 1, and in five classes (from none to abundant) in Year 2.
Outdoor and indoor temperatures were monitored with temperature loggers in radiation shields with a registration interval of 1 h.
Heat sum calculations
Accumulated heat sums, from the start of the growing season to the date on which the respective treatment was applied, were calculated in accordance with three models: Heat sum DD, derived by summing degree-days with a threshold of +5°C (Sarvas 1967) ; Heat sum DH, derived by summing degree-hours with a threshold of +5°C; and Heat sum GDH, derived by summing degree-hours estimated by the Growing Degree Hour function (Richardson and Anderson 1986) . According to the GDH algorithm, the processes governing growth and development are considered to be optimal at 25°C and to decrease to zero as temperature either declines to 2°C or rises to 36 °C.
Statistical analysis
The male flowering data were transformed to normal scores to meet the requirements for normal distributions (Gianola and Norton 1981) .
The Proc GLM module of the SAS program (SAS Institute, Cary, NC) was used to evaluate effects by analysis of variance. Data were analyzed separately for each year (the traits included were the numbers of female and male flowers per graft) by the linear model:
where y ijk = the dependent variable, e.g., number of female flowers per graft, µ = the overall mean, b i = fixed effect of treatment time i (i = 1, …, 5), c j = fixed effect of clone j ( j = 1, …, 10), d k = fixed effect of number of grafts per pot k (k = 1, 2) (this variable was excluded from the analysis of male flowering because it was used as a block variable in the transformation of normal scores) and e ijk = residual (N(0, σ e 2 )). The significance of differences between the control and treatment least square means was tested by the Dunnett adjustment for multiple comparisons within the GLM procedure of the SAS software package.
The response in terms of number of female flowers per graft, in relation to accumulated heat sum at treatment time, was analyzed according to the following model: To check whether the regression coefficient, g, differed between the two years or between clones, the effect of heat sum nested within year and the effect of heat sum nested within clone were included in the model. I also calculated Pearson correlation coefficients between final shoot and needle lengths of the year before and in the year of GA 4/7 treatment.
Results
The effect of GA 4/7 on female flowering was greatest on the final application date in both years. The effect was statistically significant for all applications, except Application 1 in Year 1 (Figures 1 and 2) . The magnitude of the response differed between years. In Year 1, the increase over the control in number of female flowers per graft ranged from 63 to 120%, whereas in Year 2, the increase ranged between 168 and 282%. Analysis of variance showed that there were statistically significant effects of clone, application date, and number of grafts per pot in both years for female flowering (Table 1) . For male flowering, the analysis of variance showed that there was no significant effect of GA 4/7 treatment relative to the untreated control in either year (Table 1) .
The absolute values of mean final shoot and needle lengths varied considerably between Years 1 and 2 (Table 2) . Final shoot length in Year 2 was almost three times greater than in Year 1, and the Pearson correlation coefficients for shoot and needle lengths between years were low.
Regression analysis of the female flowering response in relation to accumulated heat sum at treatment time showed that there was a significant difference in response between years, clones, number of grafts per pot and heat sums (Table 3) differ either between the two years or between the clones for any of the three tested heat sum variables. The P-values were in the range of 0.54-0.80 for heat sum nested within year, and in the range of 0.32-0.44 for heat sum nested within clone.
Discussion
The greatest treatment effect on female flowering was obtained with the latest GA 4/7 application (Application 4) in both years (Figures 1 and 2 ). In Pinus radiata D. Don, Siregar and Sweet (1996) defined the timing window for treatment for female flowering as the period during which GA 4/7 application results in significantly higher flowering (P < 0.05) than the control. Based on this definition, all of our applications were within the timing window except Application 1 in Year 1. If the timing window is narrowed, for example, by defining a more statistically significant increase in female flowering (P < 0.001), only Application 4 in Year 1 and Applications 3 and 4 in Year 2 fell within the timing window. Applying the treatments at even later times would have made it possible to measure the width of the timing window for female flowering in operational terms, e.g., heat sum units at a given significance level. The lack of a male flowering response is likely a result of treatments being applied too late. Many reports (Luukkanen and Johansson 1980 , Greenwood 1982 , Ross 1983 , 1985 , Chalupka 1984 , Hejnowicz 1987 , Owens and Colangeli 1989 , Ho 1991 , Harrison and Owens 1992 , Ho and Eng 1995 , Fogal et al. 1996 , across several Pinus species, have shown that GA 4/7 should be applied earlier for the promotion of male flowering than for the promotion of female flowering (regardless of how earliness is defined, e.g., calendar dates, stage of shoot development). Therefore, I conclude that for male flowering there is also a timing window when the apices are most susceptible to flower induction treatment.
The latest applications were made on June 18 in Year 1, at a heat sum of 615 DD, and on June 28 in Year 2, at a heat sum of 724 DD. The corresponding heat sums outdoors were reached on July 16 and August 1, respectively. These dates are within the range when GA 4/7 treatment is normally applied to fieldgrown materials, i.e., the second half of July. The faster shoot development, and thus more rapid bud development, attained in the greenhouse also means that the photoperiod at the time of treatment in the greenhouse is different from the photoperiod at corresponding treatment times outdoors. Under outdoor conditions, male cone bud determination occurs when day length is long and increasing, whereas female cone bud determination occurs when day length is shorter and decreasing (Giertych 1967) . However, in my study, female cone bud stimulation occurred when day length in the greenhouse was longer than or the same as day length outdoors. At the experimental site, day length peaked at 18 h 45 min between June 20 and 22, with a slow rate of increase and decrease of about 1 min per day during the weeks before and after the maximum, respectively. The greatest female flowering responses were obtained at treatment times close to maximum day length, and the absolute values of about 100 female flowers per graft (of 3 m height) is high for this species. The positive effect of transfer to the greenhouse may be a result of enhanced shoot and bud development in response to more favorable temperatures, extending the time available for sexual differentiation to occur in the terminal buds before the onset of bud dormancy. If so, then this effect would be similar to the effect of "out-of-phase dormancy" observed by Greenwood (1981) . In addition, by using indoor treatments, the heat sum needed for generative determination can be attained every year (in contrast to outdoors, where it may not always be reached). Ross and Pharis (1987) contend that some species have different photoperiodic requirements for male and female flower initiation. However, they concluded that, for Pinus spp., the response to southward transfer can be better characterized as a response to higher, more favorable temperatures than to a change in photoperiod. Owens (1991) also discussed the effect of photoperiod, and 416 ALMQVIST TREE PHYSIOLOGY VOLUME 23, 2003 concluded that it may have a more indirect effect on flowering than heat sum. For the practical use of GA 4/7 in the stimulation of female flowering, it is necessary to identify clear and easily monitored characteristics as markers for determining when to apply treatment. In addition to heat sum variables, the phenological characters of shoot and needle elongation on selected branches were tested as indirect markers for following the morphological development of the next year's buds, because their measurement is considerably less laborious than direct examination of the buds themselves. One problem with this approach, however, is that the final lengths of current-year shoots and needles are unknown during the elongation period. Repeated measurements of shoot and needle lengths to follow the developmental pattern are labor-intensive and therefore not appropriate for operational use. Furthermore, there were large differences in the absolute values of final shoot and needle lengths between consecutive years and this, together with the low correlation between years, makes it impossible to use the previous-year final shoot or needle length as a predictor of the current-year final shoot or needle length. I found no differences in final shoot or needle lengths between the control and the GA 4/7 -treated trees.
The time of determination of male and female cone buds, and thus the time of optimal response to an artificial flower induction treatment with GA 4/7 , is influenced by internal processes in the tree, climatic conditions and possibly light conditions (photoperiod and irradiance). Among climatic factors, temperature seems the most important in boreal Pinus species (Fober 1976 , Lee 1979 , Pukkala 1987 , Owens 1991 . Heat sum accumulation is widely used to describe the relationship between seasonal temperature fluctuations and developmental processes in a wide range of species. For example, the accumulated heat sum correlates well with the time of bud burst in Picea abies (L.) Karst. (Hannerz 1999) , the time of anthesis in Betula verrucosa Ehrh., Quercus robur L., Alnus glutinosa (L.) Gaertn., P. abies and Pinus sylvestris (Sarvas 1967) , and the phenological development of many fruit trees (Richardson and Anderson 1986) . The regression functions derived for number of female cone buds per graft, including any one of the three tested heat sum variables among the explanatory variables, had r 2 values of 0.42. Because there were no differences among the correlations obtained with the three heat sum variables, the simplest and most robust is recommended for practical use, i.e., the heat sum DD (degree-day summation). Based on the results from this study and uncertainty about the width of the timing window, the recommendation would be to perform the GA 4/7 treatment at a heat sum (threshold +5 °C) of about 700 degree-days.
Conclusions
Five conclusions can be drawn about the relationship between timing of GA 4/7 application in the greenhouse and flowering in P. sylvestris. (1) A single GA 4/7 application had a significant positive effect on female flowering. The most marked effect was obtained at the latest application time tested in both years.
(2) A single GA 4/7 application at a time corresponding to ≥ 60% of shoot elongation, or ≥ about 180 degree-days (threshold +5°C), had no effect on male flowering. (3) Phenological characteristics, like timing of shoot and needle elongation, do not provide a practical basis for deciding the optimal time of GA 4/7 treatment for the stimulation of flowering. Final shoot or needle length is unknown at the time of treatment, and previous-year final shoot and needle lengths are poor predictors of current-year final shoot and needle lengths. (4) Accumulated heat sum variables provide guidance for suitable times of application for female flower stimulation. Because the three tested heat sum variables were equally good, the simplest, i.e., Heat sum DD (degree-day summation), is recommended. (5) The timing window for female flower stimulation has a lower limit of about 500 degree-days (threshold +5°C), and the recommended treatment time is at about 700 degree-days. According to current knowledge, treatment should not start later than 725 degree-days. 
